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The  present  work  describes  the synthesis  of  biobased  polyesters  using  glycerol  of  different  purities  and
sources  with  the aim of understanding  how  glycerol  composition  can  inﬂuence  the  resulting  structure
and properties  of  biobased  polyesters.  Glycerol  and  succinic  acid  based  polyesters  were  synthesized
using  crude  and  technical  grade  glycerol  obtained  from  biodiesel  producing  facilities.  It was  shown  that
the  presence  of impurities  in  crude  glycerol  can  greatly  decrease  the  yield  of reaction  and  also  lead  to
products  with  different  chemical  structure  and  composition  than those  derived  from  pure  glycerol.  In
particular,  the  presence  of fatty  acids  and  soaps  was shown  to produce  incorporation  of fatty  acid  residues
and  formation  of  carboxylate  residues  in  the  polymer  backbone  respectively.  The products  synthesizedolycondensation
ioreﬁnery
iomaterials
from  industrial  technical  grade  glycerol  with  95 wt%  purity  were  similar  to those  formulated  from  pure
glycerol,  showing  rubbery  behavior  at room  conditions.  The  materials  synthesized  from  crude  glycerol
showed  different  thermal  and  chemical  properties  due  to incorporation  of impurities  from  the  glycerol
source  to the polymer  backbone.  It  was  concluded  that technical  glycerol  could  be  used as  an  alternative
to  pure  glycerol  on the  synthesis  of  polyesters  without  inducing  major  changes  on  the  synthesis  products.
© 2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. Introduction
Crude glycerol is the main co-product of biodiesel industry
hich has grown rapidly in the last decades due to environmental
oncerns about the usage of depleting fossil fuels. The expansion of
iodiesel industry has led to a 100% increase in global crude glycerol
roduction in the last ten years reaching a total annual production
f 3.3 billion lbs in 2011. With such a drastic increase in the produc-
ion of this co-product, its price has decreased dramatically from
400 per ton in 2001 to less than $100 per ton in 2011 (Quispe
t al., 2013). Further increase of biodiesel production is foreseen in
any countries around the globe with the associated production ofrude glycerol as a co-product adding pressure to an already satu-
ated glycerol market. By 2020, it is expected to double the amount
f crude glycerol produced reaching a global production of 5.8 bil-
∗ Corresponding author at: Bioproducts Discovery and Development Centre,
epartment of Plant Agriculture, Crop Science Building, University of Guelph, 50
tone Rd East, Guelph N1G 2W1, Canada. Fax: +1 519 763 83933.
E-mail address: mohanty@uoguelph.ca (A. Mohanty).
ttp://dx.doi.org/10.1016/j.indcrop.2015.10.019
926-6690/© 2015 The Authors. Published by Elsevier B.V. This is an open access article 
/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
lion lbs. (Ayoub and Abdullah, 2012). If biodiesel industry aims for
sustainable growth, this will be achieved in a bioreﬁnery context,
where crude glycerol could be utilized as a value added feedstock
for synthesis of biobased chemicals, fuels or materials which can
further extend the utilization of renewable resources.
Unlike pure glycerol, crude glycerol contains many impurities
coming from the biodiesel production process. The main contam-
inants in crude glycerol are methanol, soaps, fatty acids, methyl
esters of fatty acids and glycerides. The amount of each compo-
nent in a crude glycerol sample depends both on the oil feedstock
and the process employed for biodiesel synthesis. Crude glycerol
samples with a glycerol content ranging from 20 to 80 wt% have
been reported in the literature (Hu et al., 2012b; Thompson and He,
2006). This heterogeneous nature of the feedstock limits its applica-
tion as a direct replacement for conventional processes requiring
pure glycerol. Extensive puriﬁcation is required to obtain a glyc-
erol product meeting purity requirements (>99.5%) for being used
in food, cosmetic, personal care and other products (Ayoub and
Abdullah, 2012).
Unpuriﬁed crude glycerol has been traditionally used as ani-
mal  feed or low grade burning fuel, limiting the commercial value
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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f the feedstock and therefore compromising the sustainability
f biodiesel production (Johnson and Taconi, 2007; Pachauri and
e, 2006). Intensive research has been conducted in the past few
ears in order to ﬁnd new applications for crude glycerol. These
nclude its use as feedstock for biological or chemical conversion
o value added products, use as low cost organic solvent and use
s building block to biomaterial synthesis (Yang et al., 2012). A
ide range of chemicals have been produced from crude glyc-
rol trough fermentative or reactive processes including hydrogen
Sabourin-Provost and Hallenbeck, 2009), polyhydroxybutyrate
Mothes, 2007), propanediol (Mu et al., 2006), ethanol (Oh et al.,
011), lipids (Liang et al., 2010) and propylene (Chiu and Dasari,
006). In the ﬁeld of biomaterial synthesis, crude glycerol has been
mployed for synthesis of biobased polyols and foams (Hu et al.,
012a; Luo et al., 2013). Crude glycerol shows a high potential for
ecoming a useful industrial feedstock, nevertheless, the variabil-
ty on its composition remains as a barrier for the direct utilization
f crude glycerol in commercial scale processes.
Biodegradable elastomeric polyesters have been synthesized
sing pure glycerol in polycondensation reactions followed by cur-
ng steps (Halpern et al., 2014; Li et al., 2013; Migneco et al., 2009;
agata et al., 1999; 1996; Wang et al., 2002). These materials
ave been proposed as soft tissue replacement alternatives, due
o the biocompatibility and biodegradable nature of its constituent
onomers. Crude glycerol is not an alternative for replacement
f pure glycerol in biomedical applications due to biocompati-
ility issues of impure glycerol. Nevertheless, for non-biomedical
pplications of these biodegradable elastomeric polyesters it is of
nterest to know if the composition of crude glycerol exerts any
ffect in the mechanical and thermal properties of glycerol based
aterials. A few authors have proposed the utilization of crude
lycerol as a glycerol source for polyester synthesis (Brioude de
t al., 2007; Carvalho et al., 2011), but no data is available concern-
ng the effect of changing the glycerol source from pure to crude on
he structural and physical properties of glycerol based polyesters.
ince glycerol composition has been shown to have an effect in
he performance of biotechnological processes (Chatzifragkou and
apanikolaou, 2012), it is expected that the different composition of
rude glycerol samples can inﬂuence the thermo-mechanical prop-
rties of biobased materials synthesized from them. Thus, the aim
f this work is to provide insights about the feasibility of using
lycerol of different purities for the synthesis of biobased materials
nd what changes are produced in the synthesis and properties of
hese materials by changing the glycerol source from pure to crude
lycerol.
. Materials and Methods
.1. Materials
Succinic acid (99+ wt%, KIC Chemicals, UK) and pure glycerol
100 wt%, Fisher Scientiﬁc, Canada) were used as received. Tech-
ical glycerol was kindly donated by BIOX Corporation (Canada)
peciﬁed as a 98 wt% glycerol content feedstock obtained through
uriﬁcation of industrial crude glycerol by provider. Crude glyc-
rol 1 was kindly donated by Methes Energies International Ltd.
Canada) speciﬁed as an unpuriﬁed industrial crude glycerol. Crude
lycerol 2 was kindly donated by Veenstra Farms (Canada) speci-
ed as unpuriﬁed crude glycerol from farm biodiesel production.
eﬁned glycerol was prepared by puriﬁcation of crude glycerol 2
eedstock following the method described by Manosak et al. (2011).
rieﬂy, crude glycerol was acidiﬁed using concentrated phosphoric
cid until pH 2. At this point, two phases were in samples, cor-
esponding to separated non-polar (oil rich) top phase and polar
glycerol rich) bottom phase. The bottom phase was  collected and Products 78 (2015) 141–147
neutralized using a 5 mol  L−1 potassium hydroxide (KOH) solution
until pH 6. The excess of water was  removed by means of vac-
uum distillation and the product was ﬁltered to eliminate excess
precipitated salt. The reﬁned glycerol was analyzed through gas
chromatography to determine its glycerol content and stored in a
plastic capped bottle until further use.
2.2. Glycerol characterization
Glycerol samples were characterized in order to determine their
content of free glycerol, fatty acid methyl esters (FAMEs), free fatty
acids (FFAs) and soaps. Free glycerol, FAMEs and glycerides were
determined through gas chromatography (GC) of samples, accord-
ing to procedure described by Hu et al.(2012b) using a Shimadzu
2014 GC—FID (Shimadzu, Canada) equipped with a ﬂame ionization
detector (FID) and a MXT-Biodiesel TG column (15 m,  0.32 mm ID,
0.10 m,  Restek, USA). Butanetriol was used as internal standard
and helium as a carrier gas at a ﬂow rate of 3 mL  min−1. Brieﬂy, a
sample of glycerol (10–20 mg)  was placed in a glass tube and mixed
with 100 L of 1:1 v/v HCl solution in water. 10 mL  of pyridine
were added to the tube and the sample was dissolved by shaking.
After dissolution, an aliquot of 100 L of the mixture was placed
together with 100 L of butanetriol standard solution (1 mg  mL−1)
in a 2 mL glass vial and derivatized in presence of N-Methyl-N-
(trimethylsilyl) triﬂuoroacetamide (MSTFA, Restek, USA) for 20 min
in the closed vial. Once derivatization was  complete, 800 L hep-
tane were added to the vial and well mixed. Samples were injected
at an injection volume of 1 L into GC. Injector and detector tem-
peratures were held constant at 240 ◦C and 380 ◦C. Oven program
employed was: hold temperature at 50 ◦C for 1 min, ramp temper-
ature at 15 ◦C min−1 to 180 ◦C, ramp temperature at 7 ◦C min−1to
230 ◦C, ramp temperature at 30 ◦C min−1 to 380 ◦C, hold temper-
ature at 380 ◦C for 5 min. Free fatty acids were determined by
titration according to ASTM standard method D4662-08. Soaps
were determined by titration and ash was  determined by burn-
ing samples at 750 ◦C following the procedures described by Hu
et al. (2012b). Methanol content was determined by subjecting the
samples to evaporation at 70 ◦C until constant weight was  reached.
Water content was determined by Karl–Fischer titration using a
T70 automatic titration system (Mettler Toledo, Canada). Table 1
presents the main components of the glycerol samples employed.
2.3. Polyester synthesis
Crude glycerol and succinic acid were mixed together without
catalyst or solvent to a total mass of 180 g in a four neck 1 L glass
reactor equipped with temperature control and stirring. The mix-
ture was  heated to 180 ◦C and stirred constantly at 250 rpm under
atmospheric pressure. Water produced in the polycondensation
was collected in a Dean Stark apparatus allowing the equilibrium
of the reaction to shift to product formation. When the solu-
tion reached the preset synthesis temperature (180 ◦C) this was
recorded as time zero of the reaction. The reaction was continued
until visible gelation occurred when the material changed from a
liquid to a rubbery consistency and stopped ﬂowing as a conse-
quence of stirring. Immediately after gelation onset, the reactor
was removed from the heating source and allowed to cool down
at room temperature. Pure glycerol, technical glycerol and reﬁned
glycerol produced only solid products after reaction. When crude
glycerol was used as starting material, the synthesis procedure was
analogous, but due to high amount of FAMEs present in crude glyc-
erol, a liquid and a solid phase were recovered after reaction was
completed. The end product of the reaction, composed of a liquid
and a solid phase, was cooled by removing the reactor from the
heating source and allowing the two phases to separate by gravity.
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Table  1
Characterization of different glycerol samples employed for polyester synthesis. (Modiﬁed from Valerio, (2013)).
Component/sample Pure glycerol (PG) Technical glycerol (TG) Reﬁned glycerol (RG) Crude glycerol 1 (CG1) Crude glycerol 2 (CG2)
Free glycerol (wt%) 100.3 ± 2.6 95.1 ± 2.0 75.1 ± 1.2 30.2 ± 1.2 15.4 ± 1.5
Soap  (as sodium oleate) (wt%) BDLa BDL 31.9 ± 1.7b 29.1 ± 1.4 22.4 ± 1.6
FFA  (as oleic acid) (wt%) BDL BDL BDL 0.5 ± 0.1 2.1 ± 0.1
FAMEs  (wt%) BDL BDL BDL 22.4 ± 2.6 30.9 ± 4.5
Methanol (wt%) BDL BDL BDL 14.4 ± 1.3 15.5 ± 0.8
Water (wt%) BDL BDL BDL 0.9 ± 0.1 5.1 ± 0.1
Ash  (wt%) BDL BDL 13.9 ± 0.2 3.5 ± 0.1 4.2 ± 0.2
a BDL: below detection limit.
b Soap determination by titrimetric method considers sodium oleate molecular weight (MW)  for conversion of acid number to soap content as an average. The presence
of  larger MW soap residues in crude glycerol makes the soap content to be slightly overestimated making total wt%  of reﬁned glycerol exceed 100%. (107.0 ± 2.1).
Table 2
Formulations, reaction times and yield for different glycerol sources based synthesis. (Modiﬁed from Valerio (2013)).
Glycerol source Mass ratio of reactants
(g raw glycerol/g succinic acid)a
OH:COOH molar ratiob Reaction time (h) FFA + Soap content
(mol%)c
Yield (g PGS/g
reactants)
Pure glycerol 0.5:1 0.9:1 1.2 ± 0.5 0 84.4 ± 0.6
Technical glycerol 0.6:1 1.1:1 1.1 ± 0.3 0 77.4 ± 1.2
Reﬁned glycerol 0.8:1 1.5:1 1.8 ± 0.2 4.7 81.3 ± 1.5
Crude  glycerol 1 1.3:1 0.7:1 1.5 ± 0.5 6.9 59.2 ± 0.7
Crude  glycerol 2 1.9:1 0.5:1 6 8.4 53.9 ± 0.8
a Mass of glycerol correspond to the mass of raw glycerol added containing all the components listed in Table 1.
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uccinic acid, free fatty acid and soap –COO-M+ groups.
c mol% of total –COOH coming from free fatty acid and soap –COO-M+ groups. FF
nce the mixture was cooled, the liquid phase, mainly comprised
f FAMEs and fatty acids was discarded, and the solid phase was
ecovered and stored at room temperature until further use. Table 2
resents the formulations used for synthesis of different glycerol
rade based synthesis.
.4. Polyester characterizations
Fourier transform infrared (FTIR) spectroscopy of synthesized
olyesters was obtained in a Thermo Scientiﬁc Nicolet 6700 FTIR
quipped with an attenuated total reﬂectance (ATR) device. Ther-
al  properties were studied using thermo-gravimetric analysis
TGA) and differential scanning calorimetry (DSC). Using TGA the
amples were heated to 600 ◦C from room temperature under N2
t a rate of 10 ◦C min−1 (TGA Q500, TA instruments). For DSC all
amples were heated to 150 ◦C at a heating rate of 10 ◦C min−1 and
hen cooled to −50 ◦C at a rate of 5 ◦C min−1 followed by a ramp
f 10 ◦C min−1 up to 150 ◦C (DSC Q200, TA instruments). The data
rom the second heating ramp was considered for determination
f glass transition temperature (Tg). Energy dispersive X-ray spec-
roscopy (EDS) of polyester samples was studied in a Phenom ProX
EM (Phenom-World BV, The Netherlands). Spectra were collected
t 10 kV in 600 × 600 m areas. Results presented correspond to
he average of three different scanned areas in a sample.
. Results and discussion
.1. Glycerol characterization
The compositional analysis of crude glycerol samples showed
hat these samples contained free glycerol, free fatty acids (FFA),
oaps, fatty acid methyl esters (FAMEs) and others like methanol,
ater and ash in different proportions (Table 1). This variability in
lycerol samples can be attributed to the heterogeneous nature of
he feedstock and process employed in each particular biodiesel
actory. Free glycerol fractions in crude glycerol samples deter-
ined by means of gas chromatography were low, corresponding
nly to 30.2 wt% and 15.4 wt% of crude glycerol samples 1 (CG1) and
 (CG2) respectively, showing how biodiesel production steps andidered due to reaction is carried at 180 ◦C. COOH mol in initial mixture considers
 fatty acids. PGS: poly glycerol succinate.
feedstock can highly affect the quality of crude glycerol obtained as
a co-product. These measured values of glycerol content on crude
glycerol samples are in agreement with previous reported values
for biodiesel derived glycerol sources (Hu et al., 2012b; Thompson
and He, 2006). A major fraction of both crude glycerol samples
corresponds to fatty acid methyl esters (FAMEs, also known as
biodiesel) and soaps, which remain in the crude glycerol phase
after its separation from FAMEs phase by decantation. Free fatty
acids, methanol, water and ash were also found in both crude glyc-
erol samples, corresponding to residual fatty acids from oil, alcohol
and catalyst remaining from transesteriﬁcation reaction. According
to previous studies, the components found in the crude glycerol
samples analyzed are typical for biodiesel derived crude glycerol
samples (Quispe et al., 2013; Tan et al., 2013). Reﬁned glycerol (RG)
was produced by puriﬁcation of a crude glycerol 2 sample consist-
ing in an acidiﬁcation step to phase separate non polar components
from polar components, followed by neutralization of the polar
phase and evaporation of water. It can be seen in Table 1 (column
3) that this treatment effectively reduced the impurities of glycerol
sample, rendering a reﬁned glycerol comprised mainly of free glyc-
erol and soaps or residual salts from the neutralization process. The
FAMEs and FFA fractions were eliminated in the phase separation
step as reported previously by Manosak et al. (2011). The glycerol
content was  increased from 15.4 wt% to 75.1 wt%, producing thus
a semi puriﬁed glycerol. Finally, technical glycerol (TG), which was
reﬁned industrially from crude glycerol showed an average glycerol
content of 95.1 wt% on gas chromatography analysis, indicating that
most of the impurities from biodiesel production have been already
eliminated from this glycerol source.
Regarding functional monomers that could participate in a poly-
condensation reaction carried at 180 ◦C, the components of interest
in crude glycerol samples are glycerol (hydroxyl trifunctional
monomer), fatty acids (carboxylic monofunctional monomer) and
soaps (carboxylic monofunctional monomer and reactive salt if
hydrolized). This because fatty acid monomers have been shown to
participate in esteriﬁcations reactions when contacted with glyc-
erol in bulk polycondensations (Agach et al., 2013). Water and
methanol present in crude glycerol would be evaporated from
the reaction system when heating above 100 ◦C and thus would
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ot participate in the reaction. Excess of fatty acids and fatty acid
ethyl esters would be present in the reaction mixture as an
nert solvent, decreasing the viscosity and bulk concentration of
onomers in the reaction media but mostly remaining unreactive
ue to the unavailability of reactive hydroxyl groups from glycerol.
his deﬁcit of reactive hydroxyl groups in the reaction system is a
esult of the low glycerol content found in crude glycerol samples.
he use of crude glycerol implies the simultaneous addition of both
ydroxyl functionalities (from glycerol) and carboxylic functional-
ties (from fatty acids and soaps) to the reaction system. Further
ddition of succinic acid to the reaction system (double carboxylic
unctionality) generates a gross imbalance of reactive end groups
oward carboxylic groups, which results in excess acid monomers
eing recovered as a liquid phase after the reaction is completed in
he case of crude glycerol usage. The presence of reactive groups on
mpurities such as free fatty acids and soaps in crude glycerol, which
an also react with hydroxyl functionalities from glycerol render-
ng an ester group, implies that the architecture and properties
f synthesized PGSs from crude glycerol and pure glycerol would
e different, as has been proposed in theoretical polymerization
tudies (Cheng et al., 2008).
.2. Effect of glycerol source on polymer synthesis
Using different glycerol sources for polymer synthesis is not a
imple issue. Many components present in glycerol sources in dif-
erent quantities can participate in condensation reactions unlike in
he case of pure glycerol where the condensation proceeds between
he alcohol groups from glycerol and the acid groups from suc-
inic acid only. In crude glycerol the presence of fatty acids and
oaps which can be hydrolyzed to fatty acids at high temperatures
pen the possibility for turning the system from an A2 + B3 system
dicarboxylic acid + trifunctional alcohol) to an A2 + B3 + AR (dicar-
oxylic acid + trifunctional alcohol + monocarboxylic acid) system.
he introduction of monocarboxylic acids to the polymerization
ystems can affect the molecular architecture and properties of
lycerol and succinic acid based polyesters such as molecular
eight and hydrophobicity (Agach et al., 2013). Additionally, other
mpurities present in crude glycerol can remain entrapped in the
olymer network after gelation, adding uncertainty to the direct
tilization of this feedstock for polymer synthesis.
The yield for polymer synthesis using different glycerol sources
s shown in Table 2. It can be seen that the yield was  drastically
ecreased when crude glycerol sources were employed (Crude
lycerol 1 and Crude glycerol 2). This was caused in part by the
resence of methanol in the crude glycerol sources which was evap-
rated out of the vessel when performing the synthesis at 180 ◦C
ue to its low boiling point (around 65 ◦C). An additional contribu-
ion to the loss of yield when crude glycerol sources were employed
as the presence of a liquid and a solid fraction after the synthesis
ompletion. The solid fraction corresponds to the polymer product
ormed after reaction occurred between glycerol and different acid
earing molecules in the system (i.e., succinic acid, fatty acids and
ydrolyzed soaps). The liquid fraction corresponds to unreacted
mpurities coming in the original glycerol source. Particularly, the
resence of high amounts of methyl esters of fatty acids and fatty
cids in the crude glycerol sources suggests that these molecules
enerate a gross imbalance in the OH:COOH groups stoichiome-
ry causing and excess of these acid monomers which participate
n the system as an inert solvent, being recovered as a liquid after
he reaction is completed. Thus, the yield of solid product is con-
iderably lowered in comparison with other glycerol sources such
s reﬁned, technical and pure glycerol. Also, a fraction of the liq-
id remains entrapped in the PGS network after separation of the
iquid and solid phases resulting in products containing oily impuri- Products 78 (2015) 141–147
ties on them when crude glycerol samples are employed as glycerol
sources.
As observed by previous researchers in pure glycerol based poly-
condensations (Stumbé and Bruchmann, 2004; Wyatt, 2012), in this
study gelation occurred at a time in the reaction at which the sys-
tem changed from a liquid to a soft rubbery tacky material. This
can be explained in terms of the ratio of hydroxyl (OH) to car-
boxyl (COOH) functional groups in the reaction system (OH:COOH
ratio). Polymerization theory predicts that ideally in A3 + B2 sys-
tems gelation will be achieved in an OH:COOH molar ratio in the
range of 0.5:1 to 2:1 due to crosslinking of the reacting oligomers
(Odian, 2004). When comparing the OH:COOH molar ratios of the
synthesis performed using different glycerol sources (Table 2) it
was observed that the product synthesized at OH:COOH molar ratio
of 0.5:1 showed a gelation point after 6 h of reaction (crude glyc-
erol 2 based, CG2-PGS), whereas formulations synthesized at higher
OH:COOH molar ratio reached gelation before 2 h of reaction. This
difference in reaction time is caused by the higher amount of unre-
active impurities added to the system when using crude glycerol
2 as a glycerol source. In fact, the mass ratio of glycerol to suc-
cinic acid employed in the crude glycerol 2 polymerization was
the highest (1.9:1) but its OH:COOH molar ratio was the lowest
(0.5:1) due to the low amount of glycerol detected in this sample.
As observed previously by Wyatt (Wyatt, 2012) the presence of a
liquid solvent on the reaction system can delay the occurrence of
gelation due to dilution of the reacting oligomeric molecules on
the solvent. In the crude glycerol 2 based reaction, liquid fatty acid
methyl esters (FAMEs) and fatty acids (FFA) present in the glycerol
source are added in excess to the reaction system and a fraction
remain as an unreactive liquid phase throughout the reaction being
recovered as a supernatant liquid phase after reaction completion.
Thus, this liquid phase acts as the solvent for diluting the reac-
tive oligomers and preventing the occurrence of gelation at short
reaction times. Therefore, the results from the present study are in
agreement with both theoretical prediction and previous literature
on glycerol based polycondensations.
The evolution of the reaction in crude and pure glycerol based
PGS synthesis was analyzed through real time ATR spectroscopy
at 180 ◦C, which allows to visualize the conversion of functional
groups during the course of the reaction in a qualitative way (Fig. 1).
When pure glycerol was used for the synthesis (Fig. 1a), a sharpen-
ing of the carboxylic ester peak at 1720 cm−1 and the consequent
reduction of hydroxyl groups peak at 3430 cm−1 was observed,
indicating the reaction of these functionalities to create ester bonds
in the backbone of PGS. When crude glycerol was employed for the
synthesis (Fig. 1b) hydroxyl and carboxyl functionalities evolved
in the same trend, but an additional peak appears at 1550 cm−1
showing the same sharpening with the concurring hydroxyl disap-
pearing noticed at 3430 cm−1. In previous literature, peaks in the
1507–1616 cm−1 range have been assigned to carboxylic acid salts
of the type COO-M+ (Mirghani et al., 2002). Infrared spectra of the
PGS products from different glycerol sources (Fig. 2) showed that
for crude and reﬁned glycerol based poly glycerol succinate (CG1
PGS, CG2 PGS, RG PGS) a peak appears at 1550 cm−1, whereas for
pure and technical glycerol based PGS this peak is not detected.
The high presence of soaps as detected in reﬁned and crude glyc-
erol samples (Table 1) may  induce formation of carboxylic acid
salts of the type COO-M+ in the carboxyl residues of PGS molecules
giving raise to the peak observed at 1550 cm−1. Also, for crude
glycerol based PGS (CG1 PGS, CG2 PGS) sharp peaks can be seen
at 2852 cm−1 and 2923 cm−1, corresponding to presence of long
methylene chains in PGS (Fig. 2). These long methylene chains can
be attributed to fatty acid residues incorporated into PGS in the con-
densation reaction. Small amounts of free fatty acids were detected
in crude glycerol samples (Table 1). Additionally, high amounts of
soaps were found in crude glycerol and reﬁned glycerol samples.
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Fig. 1. (A) Pure and (B) crude glycerol based PGS synthesis FTIR spectra during the course of reaction. Modiﬁed from Valerio (2013).
Fig. 2. FTIR spectra of polyesters synthesized from different glycerol sources. PG:
pure glycerol, TG: technical glycerol, RG: reﬁned glycerol, CG1: crude glycerol 1,
CG2: crude glycerol 2. PGS: poly glycerol succinate. Modiﬁed from Valerio (2013).
Table 3
Energy dispersive X-ray spectroscopy (EDS) analysis of PGS products.
Sample C (%) O (%) K (%) Na (%)
Pure glycerol PGS 55.8 ± 0.8 44.2 ± 0.8 0 0
Technical glycerol PGS 53.3 ± 0.9 46.6 ± 0.7 0 0
Reﬁned glycerol PGS 49.7 ± 0.8 49.6 ± 1.2 0.7 ± 0.3 0
Crude glycerol 1 PGS 65.7 ± 1.7 33.5 ± 1.8 0 0.8 ± 0.1
Fig. 3. Hypothesized structures of segments of (A) crude glycerol based PGS and (B) pureCrude glycerol 2 PGS 56.5 ± 3.2 40.5 ± 2.3 3 ± 1.1 0
PGS: poly glycerol succinate.
These soaps could be hydrolyzed to fatty acids and salts during the
course of the polycondensation. After hydrolysis, fatty acid residues
and salts could be incorporated into PGS structure through reac-
tions with alcohol or acid functional groups respectively.
The ﬁnal result of using crude glycerol as a starting material
for biopolyester synthesis would be a PGS molecule containing
fatty acid residues and carboxylic acid salts residues on its struc-
ture (Fig. 3a) in addition to alcohol and carboxyl terminal residues
in pure glycerol based PGS molecules (Fig. 3b). Crude glycerol
based PGS samples would also contain liquid oily impurities corre-
sponding to fatty acid methyl ester molecules present in glycerol
sources. EDS analysis of PGS products from different glycerol
sources (Table 3) conﬁrmed the presence of potassium and sodium
 glycerol based PGS. PGS: poly glycerol succinate. Modiﬁed from Valerio (2013).
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Fig. 5. Thermo-gravimetric analysis of polyester products from different glycerolig. 4. Dynamic scanning calorimetry of polyesters synthesized from different glyc-
rol sources. PG: pure glycerol, TG: technical glycerol, RG: reﬁned glycerol, CG1:
rude glycerol 1, CG2: crude glycerol 2. PGS: poly glycerol succinate.
n crude and reﬁned based glycerol samples which as suggested by
nfrared spectra data corresponds to carboxylic acid salts formed
n carboxylic residues of PGS molecules.
.3. Effect of glycerol source on polymer thermal properties
Dynamic scanning calorimetry of PGS synthesized from differ-
nt glycerol sources (Fig. 4) showed a glass transition temperature
or all formulations as previously seen for pure glycerol derived
aterials (Wyatt et al., 2011). In crude glycerol based products (CG1
nd CG2 based PGS) a slight melting peak was noticed at −10 ◦C.
his melting point was hypothesized to correspond to fatty acid
ethyl ester molecules embedded in the gel network after comple-
ion of the synthesis and separation of the liquid and solid phases.
he absence of this melting point in reﬁned glycerol based PGS
here fatty acid methyl esters were removed from glycerol prior
o the synthesis supported this hypothesis.
The glass transition temperatures of pure and technical glyc-
rol based PGS products are in the same range due to the similar
olar ratio of OH:COOH groups employed in the synthesis. In
rude and reﬁned glycerol sourced PGS products the glass tran-
ition temperature was increased compared to the pure glycerol
ased gels at similar OH:COOH molar ratio. This increase in glass
ransition temperature could be partially attributed to the forma-
ion of carboxylate groups on PGS backbone as discussed on the
revious section. Carboxylate terminal groups could contribute to
ormation of intramolecular bonds within the PGS gel structure
esulting in a decrease on the chain end mobility of the network
tructures and an increase in glass transition temperature (Fig. 3a).
vidence of formation of intramolecular bonding in gel materials
ontaining carboxylate end groups has been reported previously
n literature (Huang et al., 2012). Although this hypothesis could
xplain at some extent the increase in glass transition tempera-
ure for the crude glycerol based polyesters, several factors can be
ffecting the molecular mobility and thus the glass transition tem-
erature of crosslinked polyesters. Changing the OH:COOH molar
atio affects crosslinking density and thus inﬂuences molecular
obility (Nagata et al., 1996; Wyatt and Strahan, 2012; Wyatt
t al., 2011), causes the formation of both short and long chain
olecules in the polymeric system which can lead to dense pack-
ng of molecules after cooling (Khalyavina et al., 2012; Wyatt and
trahan, 2012) and affects the amount of unreacted monomers
hich can act as plasticizers for the polymer network (Wyatt and
adav, 2013; Wyatt and Jones, 2012). Further research in this aspect
ould help in clarifying what are the speciﬁc effects of factors like
olecular weight, crosslinking density and intramolecular forces
n the glass transition temperature of glycerol derived polyesters.sources. PG: pure glycerol, TG: technical glycerol, RG: reﬁned glycerol, CG1: crude
glycerol 1, CG2: crude glycerol 2. PGS: poly glycerol succinate. Modiﬁed from Valerio
(2013).
Thermo-gravimetric analysis of PGS products (Fig. 5) showed
different thermal degradation for PGS products from crude and
reﬁned glycerol sources compared to pure and technical glyc-
erol sourced ones. As observed previously for pure glycerol based
polyesters (Medeiros and Offeman, 2014; Wyatt and Yadav, 2013;
Wyatt et al., 2011), products synthesized from pure and technical
glycerol showed a major degradation step around 396 ◦C. Interest-
ingly, crude glycerol 2 and reﬁned glycerol based PGS showed the
lowest thermal resistance, followed by crude glycerol 1 and ﬁnally
pure and technical glycerol based PGS.
The increase in thermal degradation temperature in aliphatic
glycerol based polyesters has been attributed to an increased poly-
meric network formation in related scientiﬁc literature (Halpern
et al., 2014). This suggests that the presence of impurities in crude
and reﬁned glycerol sources is decreasing the network formation on
glycerol based gel polyesters. In fact, as evidenced by infrared spec-
troscopy, salt residues and fatty acids present in glycerol sources
are incorporated into the polymeric network. The incorporation of
either a sodium or potassium ion onto a carboxylic residue or a
fatty acid into a hydroxyl residue of the polyester backbone could
terminate the chain growth and thus limit the network forma-
tion reducing the thermal resistance of the material (Cheng et al.,
2008). The residual percentage of weight after complete degrada-
tion (T > 450 ◦C) shows a similar trend than the thermal degradation
temperature, that is, crude glycerol 2 and reﬁned glycerol based PGS
showed the highest residual weight, followed by crude glycerol 1
and ﬁnally technical and pure glycerol based PGS. This could be
attributed to the higher presence of carboxylate salts in reﬁned,
crude glycerol 2 and crude glycerol 1 based PGS as showed by
EDS (Table 3). Thus, as expected the incorporation of salt residues
in polyester backbone results in an increased amount of resid-
ual char after the complete degradation of the polymeric network
(T > 450 ◦C)
4. Conclusions
Biobased polyesters were successfully synthesized using glyc-
erol of different purities coming from biodiesel production
facilities. Highly puriﬁed glycerol containing 95 wt% of glycerol
yielded materials similar in chemical and thermal properties to
pure glycerol based materials and thus could be used as an alterna-
tive glycerol source for polyester synthesis. The presence of volatile
and unreactive impurities such as methanol and fatty acid methyl
esters in crude glycerol sources lowered the yield of polyester
synthesis from 80 to 50 wt% when compared with pure glycerol
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Yang, F.X., Hanna, M.A., Sun, R.C., 2012. Value-added uses for crude glycerol-aO. Valerio et al. / Industrial Cro
ources. Soaps and fatty acids present in crude glycerol sources
aused the incorporation of carboxylates and fatty acids to car-
oxyl and hydroxyl groups of polyester backbone respectively as
uggested by infrared spectra. The use of unpuriﬁed crude glyc-
rol as a replacement of pure glycerol in biopolyester synthesis is
ot recommended given the heterogeneous nature of the feedstock
hich induces variability in the biomaterials synthesized.
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